GdF 3 :Eu 3+ nanophosphors with hexagonal or orthorhombic structure have been succeeded to be selectively synthesized at room temperature for the first time via a simple soft chemical route. The structure and morphology of GdF 3 :Eu 3+ nanophosphors were controlled by using different fluoride precursors. Hexagonal GdF 3 :Eu 3+ nanocrystals were formed when NaBF 4 was used as a fluoride precursor, while orthorhombic GdF 3 :Eu 3+ nanocrystals were obtained with NaF or NH 4 F fluoride precursor. It was also experimentally revealed that hexagonal GdF 3 :Eu 3+ nanophosphors emitted essentially stronger Eu 3+ luminescence than orthorhombic ones did. The formation mechanism of GdF 3 nanocrystals and the possible reasons of the strong PL in hexagonal were discussed.
Introduction
In recent years, precise architectural manipulation of lanthanide trifluorides (LnF 3 ) nanocrystals gathers great attention because nanostructure-based properties were closely interrelated with geometrical factors such as crystal structure, shape, dimensionality, and size [1] [2] [3] [4] [5] [6] . Various techniques recently used to control shape and size of lanthanide trifluorides nanoparticles were also summarized by Rahman and Green [3] . Above all, polytype control of LnF 3 becomes one of the most interesting issues to improve light emitting properties as intra f -f transitions of lanthanide ion are affected by the coordination of atoms around the lanthanide atom. Mansmann [7] pointed out that the polytypes of LnF 3 (hexagonal or orthorhombic) depend on ionic radius and coordination number of the lanthanide metal. An increase in a repulsive energy between fluoride ions with a decrease in an ionic radius of lanthanide (r Ln ) results in polytype change from hexagonal to orthorhombic. A critical ratio of r Ln /r F was proposed to be 0.94. Taking into account the ionic radius calculated by Ahrens [8] , the critical point is positioned between Sm and Eu. However, it was reported that the critical point of LnF 3 polytype in an aluminosilicate was experimentally between Gd and Tb [9] , which is supported on the basis of the Shannon's table for ionic radii [10] . Resultantly, it can be known that polytype control of GdF 3 is fundamentally possible and GdF 3 is a proper material for investigating the influence of polytype on the light emitting properties of lanthanide activator doped such as Eu 3+ , Tb 3+ , and Sm 3+ . Because of its potential in optical and biological application, GdF 3 has attracted much increasing attention as a good host lattice [4] [5] [6] 9] , and actually polytype GdF 3 crystals had been prepared [11] [12] [13] . However, they were synthesized at high temperature, and how the polytype structure influences luminescence properties is still unknown.
We report here, for the first time to our best knowledge, that polytype GdF 3 nanocrystals can selectively be prepared at room temperature (RT) through a simple method. We will demonstrate the selective synthesis of hexagonal and orthorhombic GdF 3 :Eu 3+ by choosing fluoride precursors in controlled precipitation method at RT. Luminescence properties of nanostructured GdF 3 :Eu 3+ are also reported. These nanophosphors are characterized by X-ray diffraction (XRD), Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), Energy Dispersive X-ray spectroscopy (EDX), and Photoluminescence (PL) measurements.
Experimental
All reagents were obtained from Aldrich Chem. CO. and were used as staring materials without further purification. Typical procedure for the synthesis of GdF 3 :Eu 3+ nanocrystals is described as follows. First, 0.005 mol Gd(NO 3 ) 3 · 6H 2 O and 0.00025 mol EuCl 3 · 6H 2 O were dissolved in 100 mL deionized water in a beaker at RT. After being stirred mechanically for about 20 min, 0.015 mol NaBF 4 (sample A), 0.015 mol NaF (for sample B), and 0.015 mol NH 4 F (for sample C) aqueous solutions were added dropwise, respectively, under constant stirring for 12 h at RT. The final product was collected by centrifugation and washed subsequently with water and ethanol three times, respectively. After the centrifugation the particles were dried in an oven at 80
• C. Nominal Eu 3+ concentration was 5 mol%.
X-ray diffraction (XRD) measurements were performed on a Phillips X pert system using CuK α radiation with 45 kV voltage and 40 mA current. The morphology, size, and Eu 3+ concentration of the products were examined by a scanning electron microscopy of HITACHI S-4500 microscope equipped with EDX (EMAX-7000). The structural characteristics of the samples were further examined with a transmission electron microscope (JEOL, JEM-4000FX) using an accelerating voltage of 400 kV. The excitation and photoluminescence spectra were obtained by F-7000 fluorescence spectrophotometer (Hitachi, CO.). Figure 1 shows the XRD profiles of the prepared GdF 3 :Eu 3+ nanophosphors. In this figure, the XRD patterns of the sample A, B, and C are indicated as (a), (b), and (c), respectively. The XRD patterns of sample B is similar to that of sample C; these two patterns can be readily identified orthorhombic GdF 3 (PDF No.12-0788). It can be found that a (020) peak of sample B is sharper than that of sample C so that sample B seems to have better crystallinity. On the other hand, the XRD pattern of sample A clearly differs from those of B and C. Since the XRD data for the hexagonal GdF 3 have not been reported, this phase is compared with hexagonal SmF 3 (PDF No. 05-0563) and all the diffraction peaks in Figure 1 (a) can be indexed to the hexagonal structure. The lattice constants, which can be determined by using the Bragg equation d hkl = nλ/2 sin θ, are listed in Table 1 . Figure 2 shows SEM, TEM images, and Selected Area Electron Diffraction (SAED) pattern of sample A. SEM image in Figure 2 (a) shows that the particles have "disc"-like morphology [14] with size about 0.9-1.5 μm in diameter. A show that the particles exhibited a round shape with a hole in it and the particle size was about 0.8-1.2 μm in diameter, estimated from the magnified TEM image (see the inset of Figure 3 (b)). It can be clearly seen that this round shape is formed due to clustered "hair"-like nanoparticles. The SEM image (Figure 3(c) ) and TEM image (Figure 3(d) ) of sample C shows "spindle"-like morphology with dimensions of 300-400 nm in length and 60-100 nm in width. SAED pattern of sample C is shown in Figure 4 , which indicates that spindle-like clusters were orthorhombic and almost aligned like a single crystal, but it contained slightly tilted ones toward (011). The lattice constants of b and c were 0.6978 nm Journal of Nanomaterials and 0.4433 nm, respectively, which is consistent with the estimation given from XRD (see Table 1 ).
Results and Discussion
As shown above, the crystal structures and morphologies of GdF 3 :Eu 3+ nanoparticles depended on the fluoride source, even though the synthetic conditions were identical except for the fluoride sources. Recent investigations also demonstrated the formation of hexagonal and orthorhombic GdF 3 nanocrystals; however, these nanocrystals were synthesized at higher temperatures (>300
• C) [11] [12] [13] 15] . Our method is very simple and employed at room temperature, where it is demonstrated that different fluoride sources have the strong impacts not only on morphologies but also on crystal structures of GdF 3 nanocrystals.
Here, we emphasized the crucial effect of NaBF 4 on the crystalline phases of the products in our current synthesis. In the case of NaF and NH 4 F, a white precipitate appeared 4 Journal of Nanomaterials immediately after the gadolinium nitrate solution was mixed with sodium or ammonium fluoride, which indicated that the nucleation had taken place rapidly. On the other hand, the initial solution was kept clear and transparent when NaBF 4 was added as a fluoride source, suggesting that no fluoride precipitation was formed. The white precipitate was formed after stirring for 20 min. The probable reaction processes for the formation of GdF 3 can be summarized as follows:
In an aqueous solution, NaBF 4 was slowly hydrolyzed to produce BO 3− 3 and F − anions, as shown in (1), as the equilibrium constant of the hydrolysis reaction was very small (K θ = 6.41×10 −12 at 25 • C) [16] and the concentration of F − anions in the reaction solution was kept at a low level [17, 18] , from the view of the reaction equilibrium, and so the low F − concentration is brought in an acidic environment. Furthermore, the composition analysis of the clear solution after centrifugation demonstrated the formation of H 3 BO 3 and Na 2 B 2 O 4 (2). The pH value of the aqueous solution was approximately equal to 6.0 at the beginning of the reaction, and when the reaction was complete the pH value decreased to 1.5. Finally, Gd 3+ ions were reacted with F − anions produced during the slow hydrolysis of NaBF 4 , so as to form GdF 3 nuclei, as presented in (3). Because of the very low production rate of F − anions in solution, the particle growth of the precipitated GdF 3 solid was very slow. Additionally, the hexagonal-structure could be stabilized if the fluorine anions were deficient [7] , so the deficiency of F − anions due to the low F − concentration in solution might help synthesize hexagonal structure.
Room temperature PL spectra are presented in Figure 5 and the luminescence bands are assigned according to Carnalls' paper [19] . Emission spectra has shown two intense bands associated with 5 [20] . Interestingly, the intensity of the 592 nm PL from hexagonal sample A was much larger than that of orthorhombic samples of B and C.
EDX spectra of the samples studied were shown in Figure 6 . Peaks located at about 5.845 keV and 6.056 keV were assigned to the Eu L α1 and Gd L α1 , respectively. The spectra indicated that Eu concentrations in GdF 3 :Eu 3+ were independent on the fluoride sources and a bit decreased from the nominal value (5 mol%) to 4.2-4.4 mol%. In was found that the obtained GdF 3 :Eu 3+ nanophosphors had the almost same Eu 3+ concentration. Therefore, it can be concluded that the stronger PL intensity of hexagonal sample A than these of orthorhombic sample B and C would be caused by the polytype host GdF 3 . In order to examine the compounds purity, we have detected EDX and Fourier Transform-Infrared (FT-IR) spectra. In EDX spectra (not shown here), no peaks from Na and N elements can be found so that Na and N elements concentrations in particles are too low to be detected. Thus, NaGdF 4 and NH 4 GdF 4 have not been produced during the synthesis, and even if they exist, they are so little and can be ignored. It can also be found that hexagonal GdF 3 nanocrystals have higher Oto-Gd (O/Gd) elemental ratio (4.18) than orthorhombic 
Gd L α1 molecules were more or less residual in the samples. As for the high O-to-Gd ratios over 1, it can be commented out that since EDX elemental analysis takes data from crystals surface, and OH − and/or H 2 O absorbed on crystals surface were predominantly detected. As a result, it is found that O concentration is higher in hexagonal crystals than in orthorhombic crystals. The same results can also be obtained in FT-IR spectra (not shown here), where the peak located at about 3150 cm −1 is associated to OH-stretching vibration, and the FT-IR intensity is stronger in hexagonal crystals than in orthorhombic crystals. From the result, it can be speculated that hexagonal GdF 3 nanocrystals might be stabilized by OH impurities. Moreover, it is important to be emphasized here that although hexagonal GdF 3 :Eu 3+ nanocrystals had relatively more impurities related with OH groups, they exhibited stronger luminescence intensity than orthorhombic GdF 3 :Eu 3+ nanocrystals.
As it is known, in the structure of orthorhombic symmetry with space group Pnma (No. 62), the Gd 3+ ion lies in the center of an irregular trigonal prism with six fluoride ions at the corners. The three other fluoride ions are symmetrically disposed in front of the prism (as in Figure 7) ; therefore, the number of fluoride ions around Gd 3+ ions is 9. On the other hand, in the hexagonal crystal structure (P6 3 /mcm (No.193)), there are more 2 other fluoride ions disposed up and down the prism, and thus the number of fluoride ions around Gd 3+ becomes 11. An increase in the fluoride number contributes to the enhancement of ionic bonding character between the Gd 3+ ions and the F − ions. With reference to the previous work of Rotereau et al. [21] , Raman spectrum peaks were shifted to the lower frequency when SmF 3 crystal structure was changed from orthorhombic to hexagonal structure; the highest-frequency vibration was decreased in energy (490 cm −1 (orthorhombic), 390 cm −1 (hexagonal)), and the phonon energy thus became lower. According to the energy-difference law equation, W nr = βe −α(ΔE−2hω) , α and β are materials-dependent constants, ΔE is the energy difference associated with emission, and hω is the maximum phonon energy [22, 23] . So, it is presumably concluded that the sample with a hexagonal crystal structure has a low nonradiative transition probability W nr in comparison with orthorhombic GdF 3 :Eu 3+ and finally results in the stronger luminescence. Further study is now in progress. Figure 8 shows the excitation spectra of the 5 D 0 → 7 F 2 emission of Eu 3+ in GdF 3 :Eu 3+ (619 nm) at room temperature. The excitation spectra of the 5 D 0 red emission indicate that the sharp peak located at 274 nm corresponds to excitation into 6 I J (J = 7/2-17/2) ( 8 S 7/2 → 6 I J ) levels of Gd 3+ , and the peak located at 396 nm corresponds to the 7 F 0 → 5 L 6 direct excitation of Eu 3+ . The short wavelength excitation confirms the occurrence of energy transfers from 6 I J (J = 7/2-17/2) level of Gd 3+ to Eu 3+ . The 4 f energy level overlap between the 6 P J states of Gd 3+ and the 5 H J states of Eu 3+ allows energy transfer from Gd 3+ to Eu 3+ , and thus energy transfer route from Gd 3+ to Eu 3+ can be explained [5, 6, 12-15, 17, 18] as follows: Gd 3+ ions are first excited to 6 I J (J = 7/2-17/2) energy level and through nonradiative relaxation decay to 6 P J states, and then from this level transfer its excitation energy to Eu 3+ ion, resulting in the emission of visible photons due to the Eu 3+ :
5 D 0 − 7 F J transition. Further study is now in progress. A detailed Reitveld refinement of X-ray diffraction patterns has been carried out to obtain more information on the phase purity, unit cell constants and strains. Very deep ultraviolet excitation of hexagonal and orthorhombic GdF 3 :Eu 3+ nanocrystals is also planned and will be reported elsewhere.
Conclusions
In this paper, we proved that GdF 3 :Eu 3+ nanocrystals with hexagonal and orthorhombic structure could separately be synthesized at room temperature by using different fluoride precursors in precipitation method at room temperature. Hexagonal GdF 3 :Eu 3+ nanocrystals were formed in "plate"-like morphologies when NaBF 4 was used as a fluoride precursor, while orthorhombic GdF 3 :Eu 3+ nanocrystals in "hair"-and "spindle"-like morphologies were obtained with NaF or NH 4 F fluoride precursor, respectively. We discussed on the formation mechanism of hexagonal GdF 3 :Eu 3+ nanocrystals and explained it by the slow hydrolysis of NaBF 4 , the deficiency of fluorine anions, and the incorporation of OH 
